The proton-conducting pathway of bacteriorhodopsin (BR) contains at least nine internal water molecules that are thought to be key players in the proton translocation mechanism. Here, we report the results of a multinuclear (   1   H, 2 H, 17 O) magnetic relaxation dispersion (MRD) study with the primary goal of determining the rate of exchange of these internal water molecules with bulk water. This rate is of interest in current attempts to elucidate the molecular details of the proton translocation mechanism. The relevance of water exchange kinetics is underscored by recent crystallographic ®ndings of substantial variations in the number and locations of internal water molecules during the photocycle. Moreover, internal water exchange is believed to be governed by conformational¯uctuations in the protein and can therefore provide information about the thermal accessibility of functionally important conformational substates. The present 2 H and 17 O MRD data show that at least seven water molecules, or more if they are orientationally disordered, in BR have residence times (inverse exchange rate constant) in the range 0.1-10 ms at 277 K. At least ®ve of these water molecules have residence times in the more restrictive range 0.1-0.5 ms. These results show that most or all of the deeply buried water molecules in BR exchange on a time-scale that is short compared to the rate-limiting step in the photocycle. The MRD measurements were performed on BR solubilized in micelles of octyl glucoside. From the MRD data, the rotational correlation time of detergent-solubilized BR was determined to 35 ns at 300 K, consistent with a monomeric protein in complex with about 150 detergent molecules. The solubilized protein was found to be stable in the dark for at least eight months at 277 K.
Introduction
Bacteriorhodopsin (BR), the light-driven proton pump of halophilic archaebacteria, has become the paradigm of membrane proteins in general and ion pumps in particular. 1 ± 4 Proton translocation from the cytoplasm to the extracellular medium proceeds via a series of acidic and basic side-chains located in the central region surrounded by the seven membrane-spanning a-helices of BR. A retinal molecule linked to Lys216 via a protonated Schiff base divides this conduction``channel'' into two half-channels. In the following, we refer to these as the extracellular (EC) channel and the cytoplasmic (CP) channel.
Internal water molecules have long been recognized as key players in the proton conduction mechanism of BR. 5 ± 7 By neutron diffraction, 7 AE 1 water molecules were localized in the proton conduction pathway of BR in partly dehydrated purple membrane ®lms (15 % relative humidity, room temperature). 8, 9 Some of these internal water molecules are present even at 0 % relative humidity, indicating that they interact strongly with the protein. 8 More recently, high-resolution X-ray diffraction of fully hydrated BR, reconstituted in a cubic liquid crystal at 100 K, has revealed seven water molecules in the EC channel and two in the CP channel. 10 ± 12 Most or all of these water molecules are likely to be involved directly in the proton translocation mechanism. High-resolution crystal structures are now also available for some of the spectroscopically identi®ed intermediates in the photocycle.
± 15
While the locations and inferred H-bond connectivities of these internal water molecules are essential, one would also like to quantify their mobility. Such knowledge is particularly relevant, as it is now known that the number and locations of internal water molecules undergo substantial variations during the photocycle.
12 ± 15 For example, knowledge of the time-scale on which the water molecule H-bonded to the Schiff base exchanges with bulk water might provide insights about the mechanism of proton translocation. Furthermore, the exchange rates of trapped water molecules report on the kinetics of thermally activated conformational¯uctuations in the protein. 16 Although the kinetics of the exchange of the Schiff base proton with bulk water have been studied, 17, 18 no direct information about the exchange rates of internal water molecules in BR is available. Here, we describe a magnetic relaxation dispersion study that provides such information.
Intact BR in purple membrane fragments has been studied by a variety of techniques, including solid-state NMR of 13 C-labeled residues 19 ± 21 and pulsed-gradient spin-echo NMR of translational diffusion of interlamellar water. 22 For solution NMR studies, it is necessary to solubilize BR in detergent micelles. 23 While some solution NMR studies of isotope-labeled BR solubilized in detergent micelles have been performed, 24 ± 27 we are not aware of any previous NMR study of the internal hydration of BR or any other membrane protein.
In the past decade, two complementary NMR methods have been used extensively for studying protein hydration in solution. One of these measures spectral peak intensities related to the rate of intermolecular magnetic cross-relaxation between water and protein protons, 28 while the other directly measures the magnetic auto-relaxation rates of one or more nuclear isotopes in the water molecule over a wide ®eld/frequency range. 29, 30 The cross-relaxation method relies on high-resolution spectra and has therefore not yet been applied to proteins as large as (solubilized) BR. The magnetic relaxation dispersion (MRD) method does not suffer from this limitation, but has not been applied to a membrane protein. A 2 H MRD study of purple membrane sheets at low water content has been reported brie¯y, 31 but, due to the nature of the sample and the contribution from labile deuterons, it could not provide unambiguous information about BR hydration.
In the present work, we use 17 O, 2 H, and 1 H MRD to study the internal hydration of BR solubilized in micelles of the nonionic detergent n-octyl-b-D-glucoside (OG). The monomeric BR micelles are found to be surprisingly stable and their rotational correlation time, obtained directly from the MRD data, show that they are smaller than previously thought. Our results show that at least seven, and probably all ten, of the crystallographically identi®ed internal water molecules in BR have residence times in the range 0.1-10 ms at 4 C. This result demonstrates that crystallographically well-de®ned water molecules in a membrane protein, despite being deeply buried and extensively H-bonded to the protein, exchange rapidly with water molecules in the external aqueous medium. Furthermore, these residence times provide important constraints on mechanistic models of proton translocation in BR.
Results

Methodological background
The theoretical basis and methodology of the MRD technique have been described in recent reviews. 29, 30 For convenience, we provide a brief summary here, which also serves to de®ne the notation used in the subsequent analysis of the MRD data.
Magnetic relaxation dispersion refers to the dependence of the longitudinal (R 1 ) and transverse (R 2 ) relaxation rates on the resonance frequency (o 0 2p n 0 ), which is proportional to the applied static magnetic ®eld. For the water 2 H and   17 O resonances, this dependence is of the form:
The spectral density function (SDF) J(o) is modeled as a constant a (up to the highest frequency investigated) plus a sum of Lorentzian terms, each characterized by an amplitude parameter b and a correlation time t C :
Jo a n k1
Proton relaxation is induced by intramolecular and intermolecular dipole-dipole couplings. The intramolecular contribution is described by equations (1) and (2), but the intermolecular contribution involves a different linear combination of spectral density values. Under the conditions of the present study, the magnetic relaxation rates depend on the strength of the nuclear electric quadrupole ( 2 H and 17 O) or magnetic dipole-dipole ( 1 H) coupling, given by the coupling frequency o Q or o D (which are known), and the correlation time t C , which essentially measures the rate of water rotation (see below). In the samples investigated here, the rate of water rotation varies by four orders of magnitude, depending on the location of the water molecule: from a few picoseconds in bulk water to tens of nanoseconds for internal water molecules that tumble rigidly with the protein. For this reason, a single internal water molecule may contribute as much to the observed relaxation rates as 10 4 bulk water molecules.
In general, internal water molecules undergo fast local reorientation with respect to the protein. This`i nternal rotation'', however, is usually highly anisotropic and therefore cannot average the quadrupole (or dipole) coupling to zero. Therefore, the spin relaxation rates are dominated by the much slower isotropic modulation of the coupling brought about by protein tumbling (correlation time t R ) and/or water exchange to the bulk (water residence time t W ). The fast``internal rotation'' gives rise to a (usually negligible) direct relaxation contribution, subsumed in the a parameter in equation (1) . More importantly, this``internal rotation'' brings about a partial averaging of the anisotropic nuclear coupling so that only a part of it remains to be modulated by the slower protein tumbling and water exchange processes. This effect is described by the orientational order parameter S 2 , which scales the spectral density contribution associated with the slower motions (the b terms in equation (3)). The order parameter S 2 can vary from 0 for isotropic disorder to 1 for rigid binding (on the time-scale of t C ).
In the following, we focus on the dependence of the observed relaxation rate on the mean residence time, t W , of the internal water molecules. (This discussion applies also to the case where the exchanging species is a proton or deuteron, rather than a water molecule.) The residence time affects the observed spin relaxation rate in two ways. First, the rate of orientational decorrelation, given by the inverse of the correlation time t C , is the sum of the protein tumbling rate (1/t R ) and the water exchange rate (1/t W ):
Unless t W 4t R , the correlation time t C derived from the MRD data will therefore be shorter than t R . Second, the contribution of an internal water molecule to the observed relaxation rate is attenuated unless the exchange rate is much larger than the local magnetic relaxation rate,
loc decreases with increasing frequency o 0 , the fast-exchange condition t W R 1 loc (o 0 )51 will, in general, be more strongly violated at low frequencies. To satisfy the fast-exchange condition at all frequencies, we require that t W R 0 51, where R 0 o Q 2 S 2 t C is the local zero-frequency relaxation rate. Outside the fast-exchange regime, the observed relaxation rate R 1 will be more suppressed at low frequencies than at high frequencies. This also has the effect of shifting the dispersion curve R 1 (n 0 ) to higher frequencies. To a very good approximation, both the attenuation and the frequency shift can be described by the fast-exchange equations (1) to (3), provided that a, b, and t C are replaced by the corresponding renormalized parameters a H , b H , and t C H (see below).
The sum over k in equation (3) represents the contributions to the relaxation dispersion from water molecules with different correlation times t Ck . Although the individual internal water molecules in a protein (such as BR) experience the same global tumbling time t R , they will, in general, have different residence times t Wk and therefore different correlation times t Ck (cf. equation (4)). However, as long as t Wk 4t R , this dynamic heterogeneity is not manifest and the observed dispersion yields the same correlation time, t C t R , for all such water molecules.
In the fast-exchange regime (R 0 t W 51), the interpretation of the SDF parameters in equation (3) is straight-forward. 29, 30 From the amplitude par-
where N k is the number of water molecules with correlation time t Ck and N T is the total number of water molecules (obtained from the protein concentration), both counted per protein molecule. Since the orientational order parameter is expected to vary among different internal hydration sites, the S k 2 value deduced from the b k parameter is an average over the N k water molecules.
Even outside the fast-exchange regime, the relaxation rates can be described by an SDF of the same functional form as in equation (3) O at 4 C), both the amplitude and the frequency of the dispersion step are reduced as compared to the fast-exchange situation (cf. equation (7)).
MRD measurements were carried out on aqueous solutions of BR solubilized in micelles of the nonionic detergent OG. Sample compositions are given in Table 1 .
Size of detergent micelles containing BR
MRD data provide information about hydration and about the size and shape of the BR-loaded detergent micelles via their rotational correlation time t R . If the micelle is modeled as a smooth rigid sphere of volume V immersed in a solvent of viscosity Z, then the rank-2 rotational correlation time probed by MRD is given by:
Although BR forms a trimer in the purple membrane, the correlation times derived from our MRD data show that the micelle contains only one BR molecule (see below). This is in accordance with the results of previous circular dichroism and gel®ltration studies. 23, 24 We can therefore write V V bR N OG V OG , where V bR and V OG are the molecular volumes of BR and OG, and N OG is the number of OG molecules in the micelle. Using the molar mass of BR, 27 kg mol
À1
, and an estimated partial speci®c volume of 0.75 cm 3 g À1 , we obtain a protein volume of 3.36 Â 10 4 A Ê 3 . Adding 250 water molecules estimated to be in direct contact with the solvent-exposed surfaces of BR (see below), we get V bR 4.1 Â 10 4 A Ê 3 . For OG, 32 the molar mass of 292.4 g mol À1 and the partial speci®c volume 0.867 cm 3 g À1 yield a molecular volume of 420 A Ê 3 , to which we add six water molecules hydrating the glucose head group, giving V OG 600 A Ê 3 . (The rationale for adding a layer of hydration water is essentially empirical and may actually compensate more for surface roughness than for solvent perturbation.) Figure 1 shows the rotational correlation time obtained with these volumes and with the bulk water viscosity at 4 and 27 C (at the isotope compositions of samples A2 and B in Table 1 ). Since the micelle cannot be perfectly spherical, the real t R should be slightly longer than predicted by Figure 1 . Any residual native lipids will also increase t R .
The overall OG/BR (mol/mol) ratio was determined to be 256 in samples A1 and A2 (see Materials and Methods), and is probably not very different in the other BR samples. These 256 OG molecules are divided among BR-loaded micelles (N OG molecules), BR-free micelles, and monomers. The critical micelle concentration (cmc) of OG varies from 25 mM at 27 C to 35 mM at 4 C, 32 corresponding to about 75 monomeric OG molecules per BR molecule in sample A2. Using the geometry of the BR molecule together with the 243 A Ê 3 alkyl chain volume 33 and 44 A Ê 2 head group area of OG, 34 we estimate that N OG is in the range 75-150. In the absence of BR, OG forms micelles with an aggregation number of ca 90 and a moderately non-spherical shape. 32, 34, 35 In principle, t R can be obtained directly from the dispersion of the non-labile protons of BR, for which t C t R by de®nition. However, with a zerofrequency relaxation time of the order of 1 ms, these protons cannot be studied quantitatively by ®eld-cycling MRD (see Materials and Methods). The situation is more favorable for the non-labile protons of OG, which relax one to two orders of magnitude slower than the BR protons because of their smaller order parameter (due to fast rotational isomerization in the alkyl chain and, to a lesser extent, to lateral diffusion of OG molecules over curved interfaces) and because of exchangeaveraging with monomeric OG molecules and BR-free micelles (which have considerably shorter t R than BR-loaded micelles). The residence time of OG molecules in micelles is about 1 ms.
35 This is much shorter than the local spin relaxation time, but much longer than the tumbling time. Consequently, we have t C t R for non-labile OG protons.
Although the total 1 H signal should relax multiexponentially, the observed relaxation is exponential within experimental error. This is because the non-labile BR protons (ca 40 % of the initial 1 H signal) relax too rapidly to contribute to the acquired signal, whereas the labile protons originating from the hydroxyl groups in OG (<10 % of the initial 1 H signal) have a zero-frequency relaxation rate of ca 1 s À1 (as veri®ed by direct MRD measurements on a sample prepared with a H 2 O/ 2 H 2 O mixture), thereby making a negligible contribution to the observed relaxation. Finally, the spread of R 1 values among different OG protons due to the order parameter gradient along the alkyl chain is too small to be resolved. Figure 2 shows the 1 H R 1 dispersion from sample C2, made with 2 H 2 O. The bi-Lorentzian ®t shown yields for the longer correlation times 35(AE3) ns, which must be the tumbling time of BRloaded micelles. According to equation (5), t R 35 ns corresponds to an apparent Stokes radius of 32 A Ê , comparable to previous gel-®ltration results. 23, 24 According to Figure 1 , t R 35 ns corresponds (after a viscosity scaling from 1.04 to 1.00 cP) to an OG aggregation number N OG 165, or somewhat less if the non-spherical shape of the micelle and/or some residual lipid is taken into account. This result is not inconsistent with our geometrically based N OG estimate (see above).
The shorter correlation time of 2.9(AE0.4) ns obtained from the bi-Lorentzian ®t in Figure 2 can be attributed to tumbling of BR-free micelles and to lateral diffusion of OG molecules over the curved interfaces of both types of micelle, processes that are expected to have correlation times of a few nanoseconds. , as expected for a CH 2 group with r HH 1.78 A Ê , we obtain the reasonable order parameter S 0.12. 36 
Stability of detergent-solubilized BR
The samples that were kept at 27 C during measurements (several days) showed evidence (from light-scattering) of a slow aggregation process, leading to visible precipitation after about a week at this temperature. The presence of higher aggregates during the MRD measurements at 27 C was also inferred from a large step at sub-MHz frequencies in the 1 H and 2 H dispersions. This is illustrated in Figure 3 , showing the 2 H R 1 dispersion from sample C1 at 27 C. The dominant dispersion step at sub-MHz frequencies is attributed to labile OG deuterons in the large micelles (see below). Fixing t C1 and t C2 at the values obtained from the 17 O MRD data at this temperature (see below), a tri-Lorentzian ®t yields t H C3 0.9(AE0.1) ms for the third correlation time. For such long correlation times, the conventional perturbation theory of spin relaxation, on which our analysis is based, breaks down and t H C3 is therefore only an apparent correlation time (hence the prime) related to the true correlation time through t
À1/2 , where Q (3/2) 1/2 o Q S. 37 In the limit Q t C3 41, we have t H C3 1/ Q , which equals 3 ms for the OD deuterons in OG. The observed value of t H C3 indicates that we are close to this limit. The correlation time t C3 could be the tumbling time of the aggregates, or, more likely, the residence time of an OG molecule in the aggregate, which is about 1 ms. 35 In the latter case, equation (3) implies that t R 41 ms. The exchange of OG molecules is thus three orders of magnitude faster than the exchange of their OD C. The continuous curve resulted from a ®t to the R 1 data using a bi-Lorentzian SDF. The dash-dot curves represent the individual Lorentzian R 1 components.
Water Exchange in Bacteriorhodopsin deuterons (about 2 ms at 27 C, see below). Even the lower bound of ca 1 ms for t R is much larger than the expected tumbling time of a detergentsolubilized BR trimer, which should be roughly three times that of a monomeric BR micelle, that is, ca 100 ns at 27 C. Because of partial overlap with the very large sub-MHz dispersion step from the higher aggregates and because of the uncertainty in the amount of non-aggregated BR, a quantitative analysis of the more extensive 2 H MRD data recorded on sample B in the 1-100 MHz range (data not shown) could not yield unambiguous information about BR hydration. It should also be noted that the 1 H dispersion in Figure 2 , which does not exhibit the low-frequency dispersion step seen in Figure 3 , was recorded within two days after the higher aggregates had been removed from the solution by centrifugation.
In contrast to the samples that were measured at 27 C (but stored at 4 C), the samples that were measured (and stored) at 4 C remained stable for at least eight months. Figure 4 shows the UV/VIS absorption spectra of OG-solubilized BR from one of the three BR preparations used for the MRD work (see Table 1 and Materials and Methods). The spectrum obtained from sample A2 after eight months does not differ much from the spectrum recorded immediately after preparation of the stock solution, indicating that the protein remains essentially in a native state. The observable differences, a 10 nm red shift and asymmetric broadening of the bound-retinal band around 560 nm and a slightly increased intensity of the 390 nm band, may be ascribed to minor structural or charge alterations in the vicinity of the chromophore, as observed in mutant forms of BR. 38 The slight variation of the 280/560 nm absorbance ratio is partly due to concentration-dependent light-scattering. The spectrum (not shown) recorded in connection with the MRD measurements, ca three months after preparation of the stock solution, was virtually identical with the eight month spectrum shown in Figure 4 . Consistent with these spectral indications of little or no``bleaching'' over several months when the sample was kept in the dark at 4 C and pH* 4.7, no sub-MHz dispersion step was seen at 4 C.
H MRD studies of deuteron exchange in OG
The relaxation of the water 2 H resonance usually includes contributions from rapidly exchanging labile deuterons. 29, 30 Any such contributions must be assessed before information about protein hydration can be extracted from 2 H MRD data. In the samples studied here, the protein is not the only source of labile deuterons; the glucose head group of the detergent contains four labile hydroxyl deuterons. To assess this potentially C (see Table 2 ). The dash-dot curves represent the individual Lorentzian R 1 components. important contribution, a reliable value for the hydroxyl deuteron residence time, t OD , is needed. To this end, we measured the 2 H R 1 and R 2 dispersions from a 120 mM OG solution in 2 H 2 O (sample D1) at pH* 4.7 (as in the BR solution) and at pH* 10.7 (where the hydroxyl deuterons are in the fastexchange regime). This was done at 4 C and at 27 C, but the 27 C dispersions were too small to permit a quantitative analysis. Although consistent with the R 1 data, the R 2 data showed more scatter and were therefore not included in the analysis.
The 2 H R 1 dispersions from sample D1 at 4 C and at two pH* values are shown in Figure 5 . Because the hydration water of OG has sub-nanosecond residence times (as evidenced by the lack of 17 O dispersion; see below), these dispersions are entirely due to labile OG deuterons. As expected, each dispersion is well described by a Lorentzian SDF. Rather than ®tting the two dispersions separately, which would require six parameters, they were ®tted jointly with two constraints imposed, leaving four free parameters. Let a, b, and t C be the parameters of the pH* 10.7 dispersion, where the hydroxyl deuterons are in the fast-exchange regime. Then the parameters at pH* 4.7 are a H a, . From the values of R 0 t OD , b and t C derived from the ®t, we thus obtain t OD 4.5(AE0.4) ms. This is consistent with the previously determined hydroxyl deuteron residence time of 2 ms in glucose at 20 C and pH* 6-7. 39 The correlation time, t C 3.9(AE0.1) ns, may be attributed to the combined effect of micelle tumbling and lateral diffusion of OG molecules over the curved micelle surface. 40 The quadrupole coupling constant w OD for the hydroxyl deuterons in OG should fall within the range 190-210 kHz determined for simple alcohols. 41, 42 With this value and the b value determined from the ®t, we obtain an order parameter, S OD 0.35 AE 0.02, in the expected range.
H MRD studies of BR hydration
If care is taken to eliminate or correct for any contribution from labile deuterons, 2 H MRD offers certain advantages over 17 O MRD in hydration studies. Because of the one order of magnitude weaker quadrupole coupling, 2 H relaxation is two orders of magnitude slower than 17 O relaxation. This makes it possible to use the ®eld cycling (FC) technique to access the kHz-MHz frequency range (see Materials and Methods). Large aggregates can thereby be identi®ed directly via their associated low-frequency dispersion (see Figure 3) , rather than merely via an R 2 offset (see below). Moreover, because of the longer relaxation times, 2 H MRD can reveal the presence of internal water molecules that exchange too slowly to contribute to 17 O relaxation.
The 2 H MRD data obtained at 4 C (from sample A1) are shown in Figure 6 . Despite the scatter in the low-frequency FC data, it is clear that R 1 levels out and converges with R 2 at about 0.2 MHz, demonstrating the absence of larger aggregates (as seen at 27 C). Because we could not rule out a minor contribution to R 2 at the higher frequencies from chemical shift modulation by exchange of labile deuterons, 29 only the R 1 data were included in the quantitative analysis. The parameter values obtained from a bi-Lorentzian ®t to the R 1 data are given in Table 2 . We focus on the low-frequency step with correlation time t C1 . Before drawing any conclusions from the parameter values characterizing this dispersion step, we must ascertain whether they are affected by labile deuterons.
On the basis of the amino acid composition of BR and typical labile deuteron exchange rate con- stants, 43 we estimate the contribution of labile BR deuterons to the zero-frequency 2 H relaxation rate at pH* 4.7 and 4 C to be less than 0.3 s
À1
. This contribution can therefore be neglected. The contribution from labile OG deuterons can be estimated with the aid of the values of t OD , w OD , and S OD established above. Taking t R 72 ns (see below), we obtain for the zero-frequency relaxation contribution from labile deuterons in N OG OG molecules
. For a plausible aggregation number, N OG 150, this amounts to 0.6 s À1 , or 15 % of the low-frequency dispersion step in Figure 6 . This is likely to be an overestimate, since S OD should be further reduced by lateral diffusion of OG molecules over the curved micelle surface. We therefore neglect the OG contribution to the 2 (4), the residence time must be longer than the correlation time, t W1 > t C1 . Second, for a water molecule to contribute fully to the dispersion, its residence time must be shorter than the local zero-frequency relaxation time, t W1 < 1/(o Q 2 S 1 2 t C1 ) (see Materials and Methods). Using the known value 29 of o Q and setting S 1 1 (only for the purpose of estimating the upper bound on t W1 ), we can thus say that the seven or more water molecules responsible for low-frequency 2 H dispersion have residence times in the range 70 ns < t W1 < 20 ms. Furthermore, the correlation time t C1 72 ns can be identi®ed with the tumbling time, t R , of a BR-loaded micelle at 4 C, since it agrees, after viscosity scaling (the bulk water viscosity ratio is 1.98), with the value, t R 35 ns, obtained from the non-labile proton dispersion at 27 C (see Figure 2) .
O MRD studies of BR hydration
The main objective of this work is to determine the number of internal water molecules in BR and their residence times. This is accomplished most directly by 17 O MRD, which reports exclusively on water molecules. Because of the fast spin relaxation of the 17 O nucleus, however, we cannot use the ®eld-cycling technique to access sub-MHz frequencies, as required to sample the entire dispersion curve for the relatively long correlation times involved here. We compensate for this limitation by also measuring the transverse relaxation rate R 2 , which includes zero-frequency information at Table 2 . The dashdot curves represent the individual Lorentzian R 1 components. The inset shows R 1 data over a wider frequency range and includes R 2 data along with the R 2 dispersion predicted on the basis of the parameter values obtained from the ®t to the R 1 data. all resonance frequencies via the ®rst term in equation (2) . The 17 O MRD data obtained at 4 C (from sample A2) and at 27 C (from sample B) are shown in Figures 7 and 8 . In both cases, the dispersion curves shown resulted from a joint ®t to the combined R 1 and R 2 data using a bi-Lorentzian SDF. (A uni-Lorentzian SDF was ruled out.) The parameter values derived from these ®ts are collected in Table 2 . At 27 C, a fraction of the BR molecules are present in larger aggregates that give rise to a sub-MHz dispersion step (see above). This dispersion step, which is observed directly in the 2 H data (see Figure 3) , is much smaller for 17 O (since only water molecules contribute) and, therefore, does not affect R 1 above 1 MHz, and only adds a frequency-independent contribution to R 2 via the term 0.3 J(0) in equation (2) . We therefore included an R 2 offset, ÁR 2 , in the ®t to the 27 C 17 O data. To allow a more direct comparison with the 4 C data in Figure 7 , the ÁR 2 value resulting from the ®t was subsequently subtracted from the R 2 dispersion curve as well as from the R 2 data shown in Figure 8 .
The dominant dispersion step, with correlation time t C1 , is well characterized by the combined R 1 and R 2 data. (Recall that R 2 contains information about the low-frequency plateau.) Because water molecules associated with detergents or lipids (in micelles or liquid crystals) or with protein surfaces invariably have sub-nanosecond residence times, 44 this dispersion step must be due to water molecules trapped in cavities within the BR molecule. (The absence of long-lived OG hydration was con®rmed by the ®nding that R 1 R 2 within experimental error for the C (see Table 2 ) may be explained by the presence of a fraction f of the BR in the form of larger aggregates (responsible for the R 2 offset); the number given in Table 2 is then (1 À f) N 1 S 1 2 . The 17 O MRD data yield for the correlation time of the dominant dispersion step t C1 61(AE5) ns at 4 C and 30(AE5) ns at 27 C. Because these correlation times (ratio 2.03) scale as the bulk water viscosity at the two temperatures (ratio 2.01), equation (4) suggests that t C1 % t R , the tumbling time of a BR-loaded micelle. (Had the residence C. The broken line refers to the relaxation rate of the bulk water used in this sample. The continuous curves resulted from a joint ®t to the combined R 1 and R 2 data using a bi-Lorentzian SDF with parameter values given in Table 2 . The dash-dot curves represent the individual Lorentzian R 1 components. C. The broken line refers to the relaxation rate of the bulk water used in this sample. The curves resulted from a joint ®t to the combined R 1 and R 2 data, using a bi-Lorentzian SDF with parameter values given in Table 2 . A frequency-independent R 2 offset of 29.2 s À1 has been subtracted from the R 2 data and dispersion curve (see the text). The dash-dot curves represent the individual Lorentzian R 1 components. (4), residence times in the range 300-400 ns at 4 C. With residence times in this range, the fast-exchange condition is not likely to be satis®ed; the local zerofrequency 17 O relaxation time of a fully ordered water molecule with t C 60 ns is merely ca 300 ns. We therefore cannot assume that fast-exchange conditions prevail for the 17 O relaxation. To allow for the possibility that the internal water molecules are not fully in the fast-exchange limit, an additional parameter, chosen as t W1 S H MRD data), we then get t W1 300 ns, S 1 0.8, and N 1 10.7 . (This analysis ignores the slight complication introduced by a distribution of residence times for the internal water molecules that contribute to the dispersion step.) In conclusion, the 17 O MRD data identify internal water molecules in BR, the number (N 1 ), order parameter (S 1 ), and residence time (t W1 ) of which are such that N 1 S 1 2 5-7, t W1 > 60 ns, and t W1 S 1 2 4 200 ns (at 4 C). Although the data do not set a lower bound on the order parameter, previous MRD studies of internal water molecules in proteins suggest that S 2 5 0.5 for water molecules that participate in at least two H bonds, 45, 46 which is the case for all the seven crystallographically identi®ed water molecules in the EC channel.
On the other hand, the 2 H MRD data showed that N 1 S 1 2 7.7 AE 1.0 and 70 ns < t W1 < 20 ms at 4 C. For physically realistic situations, s ranges from 1 for a fully ordered water molecule to 0.37 for a water molecule that ips around the C 2 symmetry axis on a time-scale less than t C1 but is otherwise highly ordered. 29 The relationship (6) is illustrated graphically in Figure 9 , showing that the MRD data are consistent with
2 values in the range 1-6, with larger values corresponding to rapidly¯ipping``fast'' water molecules.
O MRD evidence for faster motions
A high-frequency dispersion step, with a correlation time of a few nanoseconds (see Table 2 ), is evident in Figures 7 and 8 (as well as in the 2 H dispersion of Figure 6 ). If the water molecules responsible for this dispersion step are associated with the BR-loaded micelle, then they must have residence times of a few nanoseconds (t W2 t C2 5t R ). Although water molecules in deep surface pockets on protein surfaces have been found to have residence times in this range, the large value of N 2 S 2 2 (see Table 2 ) is dif®cult to rationalize in this way. Another possibility would be to assign this dispersion step to the primary hydration of two or three BR-bound calcium or magnesium ions. In the case of Ca 2 , t C2 could be the residence of water molecules in the ionic hydration shell, whereas, for Mg 2 , the hydration is much more long-lived, so t C2 would have to be the residence time of the ion. Although BR in purple membrane is known to bind Ca 2 or Mg 2 , 47,48 no such ions have been localized in X-ray crystal structures of BR. Yet another possibility is that a substantial number of water molecules are trapped between the surface of BR and associated OG molecules, presumably with their head groups oriented towards BR.
Finally, we consider the a parameter (see Table 2 ), which is the contribution to the relaxation rates from sub-nanosecond water motions. The high-frequency excess relaxation rate a À R bulk is given by a sum of terms of the form f i (R i À R bulk ), where f i is the fraction of water molecules with local relaxation rate R i . 29 For a BR-loaded micelle, there are contributions from BR (surface) hydration as well as OG hydration. An estimate of the latter contribution may be obtained from the protein-free sample D2, where
. This value is in excellent agreement with the prediction based on the relaxation enhancements of glucose 49 and of solvent-exposed methylene groups 50 , taking into account that, with a cmc of 35 mM (see above), 30 % of the OG molecules are monomeric. Based on the solvent-accessible surface area of the nonburied part of BR, we estimate that about 250 water molecules are in contact with the exposed protein surface. For the surface hydration of previously studied globular proteins, R i /R bulk ranges from 4.9 to 6.4, with an average of 5.5. 44, 45 Using these values, we obtain f bR (R bR À R bulk ) 3 s À1 . Adding the OG contribution, assumed to be the same as in sample D2, we arrive at a À R bulk 22 s À1 , barely half of the experimental value a À R bulk 400 À 352 48(AE5) s À1 . At present, we cannot offer a plausible explanation for this discrepancy.
Discussion
While we have obtained quantitative information about the number of long-lived water molecules and their residence times, the MRD data do not tell us where in the BR molecule these water molecules reside. Nevertheless, the accumulated results of previous MRD studies on numerous proteins 44, 45 clearly show that water molecules with residence times in the range 0.1-10 ms, as found here, must be buried within the protein structure and, thus, may be referred to as internal water molecules. Fortunately, crystal structures of BR are now available at a resolution where most, if not all, of the internal hydration sites occupied by positionally ordered water molecules can be identi®ed.
± 12
Some caution is warranted in comparing our MRD data, which refer to monomeric BR solubilized by synthetic detergent, with data on BR in the two-dimensional lattice of the purple membrane or the three-dimensional lattice of cubic liquid crystals. In these ordered systems, BR forms trimers with direct protein-protein contacts and each BR molecule is surrounded by about ten ordered native lipid molecules, which appear to interact speci®cally with the hydrophobic external surface of BR. 51 Nevertheless, despite a lower stability towards thermal denaturation, 52, 53 somewhat altered photocycle kinetics, 54 ± 56 and minor structural changes, 27 monomeric BR solubilized in detergent micelles is functional 23 and therefore is likely to have essentially the same structure as trimeric BR in the purple membrane.
For reference purposes, we shall use the 1.55 A Ê structure 1C3W. 10 Among the 23 water molecules reported in this structure, ten have zero solventaccessible surface area and can thus be considered internal (see Figure 10 ). The remaining 13 water molecules are highly exposed and therefore cannot have residence times in the range indicated by the MRD data. Of the ten internal water molecules, seven are buried in the EC channel, where they participate in a H-bond network believed to play a central role in the translocation of the excess proton from the retinal Schiff base to the Glu194/ Glu204 pair near the extracellular surface of BR. 2 These seven water molecules, each of which makes two or three strong H-bonds, are also identi®ed in the 1.9 A Ê structure 1QHJ, 11 where an additional water molecule is modeled near the extracellular end of the channel, and in the 2.0 A Ê structure 1CWQ.
12 Whereas the EC channel is lined with charged and polar residues, the CP channel is largely hydrophobic (with the notable exception of Asp96 in the middle of the CP channel). Only two water molecules have been localized in the CP channel. 10 One of them resides 4.4 A Ê from the retinal and is present in all three structures. In two of the three structures (1C3W and 1CWQ), a second water molecule is located further towards the cytoplasmic end of the CP channel. Finally, all three structures locate a water molecule in a deep external pocket in the middle of the membrane-spanning part of BR, where it makes three H bonds to the protein. Although not buried within the protein, this water molecule is likely to be long-lived, since it is trapped by lipids (in the purple membrane) or detergents (in the micelle).
Our MRD results require at least seven internal water molecules with residence times in the range 0.1-10 ms (at 4 C), but would be consistent with a substantially larger number. According to the available crystal structures, BR contains only ten ordered internal water molecules in the ground state. We therefore conclude that at least seven of them, and probably all ten, have residence times in the range 0.1-10 ms. If only seven water molecules have residence times in this range, they must be fully ordered and cannot undergo any¯ip motions during their 70 ns correlation time (at 4 C). Even if all ten internal water molecules contribute to the 2 H dispersion, their (rms) order parameter must be high, S( 2 H) 0.88 AE 0.06, which leaves little room for fast¯ip motions.
If, as seems to be the case, the water molecules are highly ordered, with S( It is tempting to identify these with the seven water molecules in the more accessible EC channel, and to identify the one to three additional water molecules required to account for the 2 H dispersion with some or all of the remaining three, more deeply trapped, internal water molecules. This conjecture could be tested by carrying out MRD experiments on BR mutants lacking one or more of the ten internal water molecules.
On the basis of FTIR-difference spectra for the BR 3 K transition (at 80 K) in samples that had been hydrated by either H 2 O MRD under the conditions of the present study (see above). Although we cannot exclude the possibility that one or more of the crystallographically identi®ed internal water molecules in BR exchange too slowly to be visible by MRD, we note that internal water residence times longer than milliseconds have not been found in any protein. 44 To investigate the possibility that the groundstate structure of BR contains additional internal water molecules not detected by X-ray diffraction, we performed a cavity search on the structure 1C3W. This resulted in ten internal cavities large enough to accommodate one or more water molecules (see Figure 10 and Table 3 ). Although most internal cavities in proteins do not contain crystallographically visible water molecules, Table 3 shows that ground-state BR might contain an additional ten or so hydration sites that escape detection because of low occupancy and/or positional disorder. However, if any such water molecules are not involved in strong directional interactions, they are probably orientationally disordered (small S) as well and might then not contribute signi®cantly to the MRD.
In the M 2 state of the photocycle, there are still seven water molecules in the EC channel (although two of them do not correspond to ground-state hydration sites) but the CP channel, which is more open than in the ground state, now contains six or seven water molecules (as compared to two in the ground state).
12 As compared to the ground state, the M 2 state has larger internal cavities as well as larger invaginations, especially at the cytoplasmic end of the proton channel.
12 Hydration water in these regions might be too disordered to show up in X-ray structures. Furthermore, if the hydration of these cavities and/or invaginations is entropically driven, as expected for non-polar cavities, 46 then the equilibrium water occupancy might be much lower at 100 K (at which temperature the X-ray structures were determined) than at room temperature. For the same reason, the internal water molecules that were identi®ed by cryocrystallography (in the ground state as well as in excited states of BR) might differ in numbers or positions from the internal water molecules present at room temperature. 60 The present MRD study was performed on (dark-adapted) ground-state BR and the deduced water exchange kinetics therefore re¯ect thermal uctuations from this state. Since the crystallographically identi®ed internal water molecules in Table 3 are represented as yellow dot surfaces. The proton is transported from the cytoplasmic side (top) to the extracellular side (bottom).
(light-adapted) ground-state BR are deeply buried, their exchange with bulk water is expected to be rate-limited by conformational¯uctuations in the protein. The water residence times reported here therefore imply that substantial conformational uctuations in the region of the proton channel take place on a time-scale of 0.1-10 ms. It is likely that these¯uctuations involve some of the conformational substates that have been identi®ed as intermediates in the photocycle. Most steps in the photocycle are thought to have activation enthalpies of the order of 50 kJ mol À1 in the purple membrane and somewhat less for monomeric detergent-solubilized BR. 54 This may be compared to the activation enthalpy of 90 kJ mol À1 for the exchange of the most deeply buried water molecule in BPTI, with a mean residence time of 170 ms at 300 K. 16 Assuming an Arrhenius rate law with the same pre-exponential factor as for the BPTI water, the present residence times in the range 0.1-10 ms would correspond to activation enthalpies of 70-80 kJ mol À1 . Since this is of the same order of magnitude as typical activation enthalpies for individual steps of the photocycle, the conformational¯uctuations that govern the escape of internal water molecules may be as extensive as the conformational changes involved in the photocycle.
The exchange of the Schiff base proton with bulk water protons has been studied by continuousow resonance Raman spectroscopy 17 and by 1 H 3 15 N solid-state NMR cross-polarization. 18 The Raman study yielded a pH-independent residence time of 2 ms for the Schiff base proton, whereas the NMR study implied a residence time much shorter than 0.5 ms (both values refer to room temperature). These experiments monitor the physical translocation of the proton from the Schiff base to the extracellular bulk solution, a distance of some 20 A Ê . The rate-limiting step for this process can be either the deprotonation of the Schiff base, presumably by a concerted proton transfer to Asp85 via an intervening water molecule (denoted W402 in the crystal structures 1C3W and 1QHJ), or the subsequent movement of the original Schiff base proton, which now resides on W402, out of the EC channel into bulk water. The present MRD results show that most or all water molecules in the EC channel exchange with bulk water on a time-scale shorter than 10 ms, and possibly as fast as 0.1-0.5 ms. Given that the residence time of the Schiff base proton is 2 ms, as indicated by the Raman study, 17 our MRD results suggest that deprotonation of the Schiff base rather than water diffusion through the EC channel is the rate-limiting process. It should be noted that the Raman measurements were carried out on light-adapted BR (with 100 % all-trans retinal), whereas our MRD measurements were performed on dark-adapted BR (with at least 50 % of the 13-cis, 15-syn retinal isomer). However, this difference is likely to affect the deprotonation rate more than the water dynamics.
In principle, a proton pump like BR could utilize a concerted Grotthuss-type mechanism where the excess proton charge is transported ef®ciently through a chain of hydrogen-bonded water molecules. 61 According to the high-resolution crystal structure of ground-state BR, 10 however, the seven water molecules in the EC channel do not form contiguous chains longer than two water molecules. Moreover, the positively charged sidechain of Arg82 divides these seven water molecules into two clusters, where every water oxygen atom in one cluster is separated by at least 6 A Ê from every water oxygen atom in the other cluster. Both the (inferred) topology of the hydrogen bond network and the charge distribution within the EC channel indicate that any concerted proton transfer Figure 10 ).
should occur from Arg82 to Asp85 or Glu194/204, rather than from Asp85 to Glu194/204 via Arg82. Whether proton translocation along the EC channel occurs via diffusion of intact hydronium ions or via concerted Grotthuss-type proton hopping over a few hydrogen bonds (or a combination of the two), it seems clear that structural¯uctuations with concomitant rearrangement of the hydrogen bond network must be rate-limiting. It should also be noted that, even if a hydrogen-bonded water chain did exist in the EC channel, it would affect neither the cited measurements of Schiff base proton exchange nor the water residence times deduced here from 2 H and 17 O MRD data. The reason is that these methods probe the actual physical translocation of a given hydrogen (or oxygen) nucleus, whereas, in the Grotthuss mechanism, each hydrogen nucleus moves only a fraction of an A Ê ngstro È m unit when the charge moves over a larger distance. In other words, the hydrogen atom that emerges in the bulk solution is not the same hydrogen atom that just left the Schiff base. (For the same reason, the hydrogen and oxygen nuclei in bulk water have virtually identical self-diffusion coef®cients.) In conclusion, the residence times reported here re¯ect exchange of entire water molecules (or hydronium ions) by processes that are presumably rate-limited by structural¯uctuations in the protein.
Materials and Methods
Solubilization of BR
Halobacterium salinarum was grown and purple membrane isolated as described. 62 The puri®ed bacteriorhodopsin exhibited a 280 nm to 568 nm absorbance ratio of 1.6 for the light-adapted state. Solubilization of BR by n-octyl-b-D-glucopyranoside (OG) (Calbiochem) was performed according to Dencher & Heyn, 23 but adapted to the high protein concentration required for the NMR measurements. Purple membranes were suspended at 5 or 13 mg BR ml À1 in 5 mM phosphate buffer (pH 6.9), at a detergent-to-BR ratio of 15 (w/w) and an OG concentration of 664 (sample A) or 255 mM (samples B and C), sonicated for ten seconds in a water-bath soni®er, and thereafter incubated for 72 hours at 4 C in the dark. Upon centrifugation at 200,000 g for 45 minutes to remove non-solubilized material, 64-75 % solubilized BR was found in the supernatant. By dialysis against an appropriate volume of detergent-free 5 mM sodium acetate buffer (pH 5.1), for 18 hours, the OG concentration was reduced to 26 mM (sample B), 33 mM (A), or 55 mM (C). Subsequently, BR was concentrated to about 17 (A and C) or 34 mg ml À1 (B) using Centriprep 30 or Centricon YM-30 centrifugal ®lter devices (Amicon/ Millipore) at 1500 g. Samples A and C were dialysed against a 40 mM OG, 5 mM sodium acetate solution (pH 5.1), and thereafter concentrated to (A) 26 or (C) 36 mg BR ml À1 . H/ a relatively high ®eld; the ®eld is then rapidly switched to a low level where the longitudinal magnetization relaxes towards the new equilibrium value during a variable evolution time. The ®eld is then switched to a high value, where the longitudinal magnetization present at the end of the evolution period is recorded by converting it to observable transverse magnetization with a 90 pulse. When the evolution ®eld is close to the detection ®eld (above 94 mT), the sample is kept in zero ®eld during the polarization period. By repeating this cycle with different evolution times, R 1 can be measured over three decades in frequency. 
MRD data reduction
Non-linear ®ts of the parameters in the spectral density function in equation (3) were performed with the Levenberg-Marquardt algorithm. 64 Parameter errors were estimated by the Monte Carlo method, 64 based on ®ts to 1000 simulated datasets. The quoted errors correspond to one standard deviation (68 % con®dence level).
In the case of 17 O MRD, joint ®ts to the combined R 1 and R 2 data were performed without assuming fastexchange conditions. To an excellent approximation, the spectral density function in equation ( In equations (7) and (8) O has nuclear spin quantum number I 5/2, it really has tri-exponential longitudinal and transverse relaxation. 29 However, due to the large frequency-independent part (a) of the spectral density, the relaxation becomes effectively exponential with R 1 and R 2 given by the same equations (1) and (2) as for 2 H (with spin I 1). 65 For the parameter values of interest here, the error introduced by this approximation is within the measurement error.
